Enteromorpha prolifera (EP), the main source contributing to the outbreak of 'green tide', was used as the raw material to prepare biochars by pyrolysis. The biochars were analysed using N 2 -adsorption and Fourier transform infrared (FTIR) spectroscopy. The pyrolysis process was investigated by thermogravimetric analysis coupled with FTIR. The adsorption capacities of the biochars were compared in terms of removal efficiencies of methylene blue (MB), oxytetracycline (OTC) and humic acid (HA). The adsorption isotherms of the three organics by the optimum biochar were investigated. The results showed that the Brunauer-EmmettTeller surface area of the biochar increased from 36 to 643 m 2 g -1 with increasing pyrolysis temperature. The surface functional groups contained in EP were damaged during pyrolysis, while -N=O, S=O and C=N groups were formed on the biochar surface. Decomposition of EP resulted in the vigorous release of gaseous products at 240 °C, including CO 2 , H 2 O, aldehydes, ethers, aliphatic amines, sulfones and alcohols. CO 2 was released due to the decomposition of carbonates above 700 °C and the in situ reduction of CO 2 by carbon contained in the biochar was responsible for the high surface area of the biochar prepared at 750 °C (EPC750). EPC750 had the highest adsorption capacities for MB, OTC and HA among the biochars. The adsorption equilibrium data for MB and OTC onto EPC750 followed the Langmuir model with monolayer adsorption capacities of 138.89 and 103.31 mg g -1 respectively. The adsorption data for OTC also exhibited good agreement with the Freundlich model, suggesting the adsorption process was controlled by multiple mechanisms. The adsorption of HA by EPC750 followed the Freundlich model and the maximum adsorption capacity reached 64.27 mg g -1 under the experimental conditions.
INTRODUCTION
Enteromorpha prolifera (EP) is a typical marine macroalgae and has the characteristics of easy growth and rapid propagation. The rapid proliferation of EP due to eutrophication and climate change can cause outbreaks of 'green tide' [1] . 'Green tide' has frequently broken out in coastal areas of China's Yellow Sea and it may damage the marine ecosystem and threaten coastal aquaculture [2] . It was reported that the quantity of bloomed EP reached 10 million tons in 2015 [3] and this mass of EP is often disposed of in landfills as an ocean waste [4] . In the light of the development of biomass energy, the question of how to transform this waste biomass into value-added products has become a hot research topic.
www.prkm.co.uk Biochar is a carbon-rich, porous solid which is obtained when biomass is heated through the process of pyrolysis in a closed reactor with little or no oxygen present [5] . The large specific surface area of biochar means that it can be used as an effective adsorbent to remove pollutants from aqueous solutions. Compared with activated carbon, which is the most commonly employed adsorbent for water purification, biochar appears to be a low-cost adsorbent due to the lower energy consumption in its production and its potential as an abundant and cheap feedstock [6, 7] . EP is mainly made up of polysaccharides, fats, proteins and minerals [8] . Thus, it can be a suitable carbonaceous precursor for producing biochar. Recent studies showed that EP was a promising precursor for the synthesis of heteroatom-doped biochars [9] and EP biochar can be used for CO 2 adsorption and the preparation of electrode materials [10, 11] . Unfortunately, few studies focus on EP biochar when used as an adsorbent for the removal of organic pollutants in water and few works have mentioned the mechanism of formation of EP biochar during the heating process. In the present study, biochars were produced by the pyrolysis of EP. The specific surface areas and surface functional groups were detected by N 2 -adsorption and Fourier transform infrared (FTIR) spectroscopy. In order to understand the pyrolysis process, EP was analysed using a thermogravimetric (TG) analyser combined with FTIR (TG-FTIR). Moreover, the adsorption capacities of the biochars were compared using three organic compounds, methylene blue (MB), oxytetracycline (OTC) and humic acid (HA) as adsorbates. MB is the most frequently used cationic dye in the textile industry which produces large volumes of wastewater and it has often been used as a model compound to investigate the adsorption behaviours of adsorbents [12, 13] . OTC is one of the most common antibiotics that has been detected in aquatic environments [14, 15] . HA in surface water is responsible for an undesirable colour and has been implicated in the microbial population. Carcinogenic trihalomethanes can be formed when HA-contaminated water is treated with disinfectants [16, 17] . Lastly, the adsorption equilibrium isotherms of the three typical pollutants by the optimum EP biochar were determined.
EXPERIMENTAL

Materials
EP was collected from the Yellow Sea coast in Qingdao, Shandong Province, China. Prior to use, EP was first washed with tap water to remove solid particles, then dried at 60 °C for 48 h. The dried EP was ground and sieved into particle sizes of 80 to 120 mesh. MB (chemical formula: C 16 
Preparation of biochar
The dried, sieved EP was heated at a temperature increasing by 5 °C min -1 to final pyrolysis temperatures of 300, 450, 600, or 750 °C in a nitrogen atmosphere (99.995%) with a flow rate of 200 mL min -1 in a tube furnace (CTF 12/65/550, CARBOLITE, Great Britain). The final temperature was maintained for 30 min. The biochars were cooled under nitrogen flow, then washed with HCl solution and distilled water to a neutral pH, followed by drying at 105 o C for 8 h. The resulting products were denoted EPC300, EPC450, EPC600 and EPC750 respectively. www.prkm.co.uk
Characterisation methods
The biochars were analysed using a gas adsorption apparatus (QuadraSorb SI, Quantachrome Instruments, USA) at -196 o C and the Brunauer-Emmett-Teller (BET) method was used to calculate the surface area. The surface functional groups in the biochars were investigated by FTIR spectroscopy (TENSOR II, Bruker, Germany).
TG-FTIR analysis
The TG-FTIR instrument consisted of a thermogravimetric analyser (STA 2500 Regulus, NETZSCH, Germany) and a FTIR spectrometer (TENSOR II, Bruker, Germany). About 10 mg of EP was heated from 35 to 800 o C at a nitrogen flow rate of 70 mL min -1 and a heating rate of 15 o C min -1 . The volatiles released were detected online by FTIR spectroscopy, in which IR spectra were recorded at 4000-500 cm -1 with a resolution of 4 cm -1 . The stainless steel transfer pipe and the gas cell in the FTIR instrument were both heated at a constant temperature of 200 °C to minimise secondary reactions.
Adsorption experiments
Comparison of adsorption capacity
Aqueous solutions of MB, HA and OTC were prepared with concentrations of 70, 70 and 100 mg L -1 respectively. Biochar (10 mg) and aqueous solution (20 mL) in 50 mL Erlenmeyer flasks were agitated in a shaker at 150 rpm and 25 o C for 24 h to reach equilibrium. Then the suspensions were filtered through 0.45 μm membrane filters and the filtrates were diluted to a suitable concentration. The concentrations of MB, HA and OTC in the diluted supernatant solutions were determined using a UV-Vis spectrophotometer (DR5000, HACH, USA) at the maximum wavelengths (λ) of 664, 254 and 275 nm respectively. MB, HA and OTC removal efficiency [RE (%)] was calculated from
where C 0 and C e (mg L -1 ) are the initial and equilibrium liquid-phase concentrations of the adsorbates respectively.
Adsorption equilibrium isotherms
Biochar (10 mg) and aqueous solution (20 mL) in 50 mL Erlenmeyer flasks were agitated in a shaker at 150 rpm and 25 °C for 24 h to reach equilibrium. The initial concentrations of MB, HA and OTC were 40 to 120, 10 to 70 and 60 to 150 mg L -1 respectively. The suspensions were filtered and diluted and the concentrations of the organics were determined as described in Section 2.5.1. MB, HA and OTC uptake per unit mass of biochar at equilibrium [q e (mg g -1 )] was calculated from where C 0 and C e (mg L -1 ) are the initial and equilibrium liquid-phase concentrations of the adsorbates respectively, V (L) is the volume of the solution and W (g) is the mass of biochar used. The equilibrium data were modelled using Langmuir, Freundlich and Temkin isotherm models [18, 19] and the model equations are shown in Table 1. www.prkm.co.uk
RESULTS AND DISCUSSION
Characterisation of biochar
In order to calculate the BET surface area of EP biochar, the nitrogen adsorption isotherm of each sample was determined in the range P/P 0 = 0 to 0.3 [ Figure 1(a) ]. The surface areas of biochars prepared at different pyrolysis temperatures are presented in Figure 1(b) . The BET surface area of EPC300 was only 36 m 2 g -1 , possibly because the release of volatiles at this temperature was insignificant in terms of pore development. It increased obviously to 176 and 358 m 2 g -1 with the temperature increasing to 450 and 600 °C respectively, due to the continuous emission of volatile products. The surface area of EPC750 was as high as 643 m 2 g -1 , suggesting that the surface area of the resulting biochar can be tuned by simply adjusting the carbonisation temperature. Comparison of the BET surface area of EPC750 with some other typical biochars 
and T (K) are the Temkin constants related to heat of sorption, equilibrium binding constant, gas constant and absolute temperature respectively. www.prkm.co.uk available is listed in Table 2 . As can be seen, EPC750 had a relatively higher BET surface area than other biochars, suggesting that EP was a suitable feedstock for preparing biochar. FTIR spectra of EP and its biochars are shown in Figure 2 . The functional groups identified from the spectra are given in Table 3 . EP exhibited more spectral bands than the biochars. An increase in pyrolysis temperature from 300 to 750 °C resulted in a continuous decrease of the peaks at 3437, 2928, 2855 and 1625 cm -1 , indicating the breaking of O-H, C-H and C=O bonds of uronic acid. The peaks at 1250, 847 and 780 cm -1 decreased dramatically with the temperature increasing to 300 and 450 °C, suggesting that S=O and C-O-S bonds in the sulfate group of polysaccharide were damaged. The peak at 1045 cm -1 became much weaker in intensity and shifted to 1032 cm -1 , indicating the opening of the pyranose ring in polysaccharide.
The decomposition of protein in EP resulted in the disappearance of the N-H peak at 1530 cm -1 and the presence of the peak at 1384 cm -1 , which can be attributed to -N=O. For the biochars prepared at 600 and 700 o C, sulfone S=O peaks at 1117 cm -1 can be observed and C=N groups were also formed on the surface of EPC750. www.prkm.co.uk
Analysis of pyrolysis process
TG-FTIR analysis of EP was applied in order to understand the preparation process of the biochars. As can be seen from Figure 3 , the weight loss below 175 °C was caused by the loss of water. The significant weight loss which occurred in a narrow temperature range between 175 and 310 °C was due to the cracking of the natural polymers, such as polysaccharides, proteins, lipids, etc., in EP. The long tail over 310 °C was related to the polycondensation of carbonaceous matters in the solid residuals at a slow rate. A derivative thermogravimetry (DTG) peak can be observed at 755 °C, which can be explained by the decomposition of the inorganic salts, because almost all the organics were decomposed at such a high temperature. The volatiles evolved from EP in the TG analyser were detected by FTIR spectroscopy in real time and the 2-D maps of the volatiles are shown in Figure 4 (a). The coloured circles denote characteristic peaks for typical functional groups or products. As can be seen, peaks attributed to different products can be observed at about 240 °C and there are also peaks above 750 °C. www.prkm.co.uk
Absorbance information at different wavenumbers can be obtained at a certain temperature to study the volatile components released at that particular moment. Figure 4(b) shows the FTIR spectra at 240 and 750 °C. For the spectrum at 240 °C, the bands at 4000-3500 cm -1 and 1800-1300 cm -1 represent -OH in H 2 O. The vibration of aliphatic C−H between 3000 and 2750 cm -1 was caused by the cracking of the methoxy, methyl and methylene groups. CO 2 peaks at 2360 and 673 cm -1 were generated from the cracking of pyranose rings and carboxyl and carbonyl groups. The C−H peaks between 2815 and 2730 cm -1 and the C=O peak at 1704 cm -1 confirmed the presence of aldehydes, which were generated from ring-opening reactions of uronic acids. The peak at 1182 cm -1 can be assigned to C−O−C in cyclic ethers, which were formed due to the reforming of pyranose rings. The peak at 1117 cm -1 was caused by S=O in sulfones that were produced by the cracking of sulfate ester bonds. The peak at 1013 cm -1 was caused by C−O−H in alcohols that were generated from the cracking of pyranose rings. The peak at 753 cm -1 can be attributed to N−H in aliphatic amines, which were formed by the rupture of amide bonds in protein. The CO 2 peak became obviously stronger when the temperature increased to 760 °C, which can be explained by the decomposition of carbonates contained in EP. As is known, the metal species in EP are usually associated with the carboxylic groups of the uronic acids that form the basic units of polysaccharides and the decomposition of carboxylates can possibly occur at low temperatures, leading to the formation of carbonates [28, 29] . In addition, it is interesting that CO peaks at 2178 and 2105 cm -1 clearly emerged at 760 °C. To reveal the relationship between CO 2 and CO, their evolution histories as a function of temperature are presented in Figure 5 . As can be seen, the CO 2 curve exhibits a second peak at 755 °C, while the CO curve only has one peak at 765 °C. Thus, a small amount of CO was produced from the cracking of organics in EP and the strong CO peak at high temperature was considered as the result of the in situ reduction of CO 2 generated from the decomposition of carbonates by carbon contained in EP biochar. It is worth noting that the consumption of carbon by CO 2 can lead to the formation of pores in biochar and CO 2 activation was often adopted in the production of activated carbon. Thus, the self-activation effect was possibly why the surface area of EPC750 was 285 m 2 g -1 higher than that of EPC600. In addition, it is important to note that metal oxides (MOs), acting as self-templates, can also be generated by the decomposition of carbonates and the pores can be formed after the removal of MOs by acid-washing. www.prkm.co.uk Figure 6 shows the removal capacities of the biochars prepared at different pyrolysis temperatures for MB, HA and OTC. Generally, the removal capacity of the biochar for all three kinds of pollutants increased with the temperature. This is because a biochar with larger surface area was obtained at the higher temperature and it was essential for the adsorption of organics from water. However, it was different for the removal of MB. Although EPC750 had the highest adsorption capacity, the removal rate of MB slightly decreased as the pyrolysis temperature increased from 300 to 600 °C. This was possibly due to EPC300 having more abundant surface functional groups, which also played a more important role in MB adsorption when the surface area of biochar was not high enough. It was reported that C=O, −COOH, −OH and N−H can provide binding sites for MB during adsorption [30] [31] [32] . The adsorption isotherm is the most important relationship, which indicates how adsorbate molecules are distributed between the liquid phase and solid phase when the adsorption process reaches equilibrium. Since EPC750 had a much better adsorption performance than other biochars, the isotherm study was focused on EPC750. The adsorption isotherms of MB, HA and OTC are shown in Figure 7 (a). The initial concentration provides a driving force for mass transfer between the aqueous phase and solid medium, thus the increase in initial concentration of each pollutant led to an enhancement of adsorption equilibrium. The linear fitting of equilibrium isotherm data by Langmuir, Freundlich and Temkin isotherm models for the adsorption of the three pollutants onto EPC750 at 25 °C is depicted in Figure 7 (b)-(d) and the corresponding correlation coefficient (R 2 ) was used to determine the best fitting model. The isotherm parameters, which were determined from the slopes and intercepts, together with R 2 can be seen in Table 4 . For the adsorption of MB, the Langmuir model gave obviously better fitting than the other two models, indicating the formation of a monolayer of MB on the surface of EPC750 and no further adsorption took place after the monolayer formation. Moreover, each MB molecule had similar enthalpy and activation energy and there was no transmigration of www.prkm.co.uk molecules in the plane of the neighbouring surface. According to the Langmuir constant, the monolayer adsorption capacity of EPC750 for MB was calculated to be 138.89 mg g -1 .
Adsorption properties
For OTC, the Langmuir model can relatively better describe the adsorption process than the other two models and the monolayer adsorption capacity of EPC750 for OTC reached www.prkm.co.uk 103.31 mg g -1 . Also worth noting is that the adsorption data for OTC exhibited good agreement with the Freundlich model, suggesting the adsorption of OTC on EPC750 could be controlled by multiple processes. For the adsorption of HA, the Freundlich model yielded the highest values of R 2 , suggesting HA adsorption was a multi-layer process during which the amount of adsorbed HA per unit mass of EPC750 increased gradually. In fact, the adsorption capacity of EPC750 for HA steadily increased from 10.92 to 64.27 mg g -1 in about 10 mg g -1 intervals with increasing initial concentration, which was basically consistent with the prediction of the Freundlich model. Besides, the value of the exponent n was greater than 1, which represents favourable adsorption conditions. The Temkin adsorption isotherm considers a chemical adsorption process of an adsorbate onto the adsorbent. Note that the Temkin model also had high R 2 values for HA and OTC, suggesting that some indirect adsorbent/adsorbate interactions such as irreversible Coulombic attraction and ion exchange might take place during the adsorption of the two pollutants by EPC750.
CONCLUSIONS
The BET surface area of the EP biochar increased from 36 to 643 m 2 g -1 with increasing pyrolysis temperature. The surface functional groups contained in EP were damaged during the preparation of biochar and this was accompanied by the formation of -N=O, S=O and C=N groups on the biochar surface. Thermal decomposition of EP mainly occurred at 240 °C, causing the release of CO 2 , H 2 O, aldehydes, ethers, aliphatic amines, sulfones and alcohols. CO 2 was also produced above 700 °C and this then reacted with the carbon contained in EP biochar, resulting in the high surface area of EPC750. EPC750 had obviously higher adsorption capacities for MB, OTC and HA than the biochars prepared at lower temperatures. The adsorption equilibrium data for MB and OTC on EPC750 followed the Langmuir model with monolayer adsorption capacities of 138.89 and 103.31 mg g -1 respectively. The adsorption data for OTC also exhibited good agreement with the Freundlich model, suggesting the adsorption of OTC on EPC750 could be controlled by multiple processes. The adsorption of HA by EPC750 followed the Freundlich model and the maximum adsorption capacity reached 64.27 mg g -1 in this study. www.prkm.co.uk
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